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Ectopic Pax-3 Activates MyoD and Myf-5
Expression in Embryonic
Mesoderm and Neural Tissue
Miguel Maroto,* Ram Reshef,* contains precursor cells for some of the dermis of the
back.Andrea E. MuÈ nsterberg,* Susan Koester,²
Martyn Goulding,² and Andrew B. Lassar* These different cell fates in the somite are cued by
signals from the adjacent tissues (reviewed in Christ and*Department of Biological Chemistry and Molecular
Pharmacology Ordahl, 1995). In avian embryos, excision of the neural
tube or notochord leads to the absence of myotomeHarvard Medical School
Boston, Massachusetts 02115 (Christ et al., 1992; Rong et al., 1992; Goulding et al.,
1994; Pownall et al., 1996), indicating that signals from²Molecular Neurobiology Laboratory
these axial tissues are necessary for either the inductionThe Salk Institute
or the survival of myotomal cells. In vitro culture of so-La Jolla, California 92037
mites with the axial tissues (i.e., neural tube and noto-
chord) results in somitic myogenesis, indicating that sig-
nals from these tissues are indeed sufficient either toSummary
induce myogenic precursors or to maintain and expand
a population of already specified cells (see MuÈ nsterbergTo understand how the skeletal muscle lineage is in-
and Lassar, 1995, and references therein). We haveduced during vertebrate embryogenesis, we have
shown that myogenesis of explanted presegmentalsought to identify the regulatory molecules that medi-
plate mesoderm (isolated from a stage 10 chick embryo)ate induction of the myogenic regulatory factors MyoD
requires two signals from axial tissues, one emanatingand Myf-5. In this work, we demonstrate that either
from the floor plate±notochord complex and the othersignals from the overlying ectoderm or Wnt and Sonic
from more dorsal regions of the neural tube (MuÈ n-hedgehog signals can induce somitic expression of
sterberg and Lassar, 1995). Consistent with these find-the paired box transcription factors, Pax-3 and Pax-7,
ings, Emerson and colleagues recently reported thatconcomitant with expression of Myf-5 and prior to that
signals from the notochord are required to initiate quailof MyoD. Moreover, infection of embryonic tissues in
MyoD expression and that signals from the neural tubevitro with a retrovirus encoding Pax-3 is sufficient to
are required to maintain MyoD expression in ovo (Pow-induce expression of MyoD, Myf-5, and myogenin in
nall et al., 1996).both paraxial and lateral plate mesoderm in the ab-
The muscle-promoting signal from the floor plate±sence of inducing tissues as well as in the neural tube.
notochord complex can be mimicked by the signalingTogether, these findings imply that Pax-3 may mediate
molecule Sonic hedgehog (Shh), and the muscle-pro-activation of MyoD and Myf-5 in response to muscle-
moting signal from the neural tube can be mimicked byinducing signals from either the axial tissues or overly-
cell lines programmed to express either Wnt-1 or Wnt-3ing ectoderm and identify Pax-3 as a key regulator of
(MuÈ nsterberg et al., 1995; Stern et al., 1995). Becausesomitic myogenesis.
these signaling molecules, in combination, are sufficient
to induce somitic myogenesis in vitro (MuÈ nsterberg et
Introduction al., 1995) and because these molecules are expressed
in the inducing tissues (Shh in the floor plate±notochord
In vertebrates, all skeletal muscle arises from somites, and Wnt-1 and Wnt-3 in the dorsolateral neural tube),
paraxial mesodermal structures that lie adjacent to the we have proposed that combinatorial signaling by these
neural tube and notochord (diagrammed in Figures 1 two classes of signaling molecules may induce axial
and 4A). In amniotes, the somite is initially a sphere of myogenesis in vivo. Consistent with this hypothesis,
epithelial cells. Cells in the ventral half of the epithelial ectopic expression of Shh expands MyoD expression
somite become mesenchymal and form the sclerotome, in the paraxial mesoderm of either chick (Johnson et
which contains precursor cells for vertebrae, ribs, and al., 1994) or zebrafish embryos (Hammerschmidt et al.,
intervertebral discs. The epithelial sheet that persists 1996; Weinberg et al., 1996), and inhibition of hedgehog
in the dorsalmost portion of the somite is termed the signaling in the paraxial mesoderm of zebrafish greatly
dermomyotome and contains precursor cells for both reduces MyoD expression in this tissue (Hammer-
skeletal muscle and dermis. Cells located in the medial schmidt et al., 1996). Whereas mice genetically engi-
dermomyotome give rise to back and intercostal mus- neered to lack Shh display a significant reduction in the
cles (i.e., epaxial musculature [Ordahl and LeDouarin, accumulation of Myf-5 transcripts in the medial regions
1992]), and cells located in the lateral dermomyotome of the somite (Chiang et al., 1996), somitic MyoD expres-
give rise to ventral body wall and limb muscles (i.e., sion is not altered in these embryos (Chiang et al., 1996),
hypaxial musculature [Ordahl and LeDouarin, 1992]). indicating that there is an Shh-independent pathway to
The first skeletal muscle to differentiate in the embryo activate somitic myogenesis.
is the myotome, a sheet of differentiated skeletal muscle Knockout of the genes encoding myogenic basic±
cells that lies between the dermomyotome and the scle- helix-loop-helix (bHLH) transcription factors in mice has
rotome. An additional population of dermomyotomal indicated that expression of either MyoD or Myf-5 is
sufficient for the formation of murine skeletal musclecells deepithelialize to give rise to the dermatome, which
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Figure 1. Schematic Diagram of Pax Gene Expression in the Somite
In paraxial mesoderm, Pax-3 and Pax-7 are expressed in the dermo-
myotome; Pax-1 and Pax-9 are expressed in the sclerotome; and
MyoD and Myf-5 are expressed in the myotome.
(Rudnicki et al., 1993). It is not clear, however, how
Figure 2. Time Course of Gene Expression in Paraxial Mesodermsignals that induce somitic myogenesis activate expres-
Cocultured in the Presence of Wnt-1 and Shh Signalssion of these key developmental regulators. Because
Presegmented mesoderm (psm) was isolated from a stage 10 chickthe dermomyotome represents a stem cell population
embryo and was cocultured either with Wnt-1± producing RatB1afor vertebrate skeletal muscle,we have begun to explore
cells (lanes 2±6) in the presence (lanes 2±5) or absence (lane 6) ofwhether genes that are specifically expressed in the
bacterially produced Shh or with Shh plus the parental RatB1a cells
dermomyotome play a role in the activation of MyoD (lane 7). The explanted tissue was harvested for RNA analysis either
or Myf-5 or both. As somites mature, various paired prior to explant culture (lane 1) or after the times indicated above
box±containing transcription factors are expressed in each lane (lanes 2±7). Gene expression was analyzed by RT-PCR.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.distinct somitic domains (schematically shown in Figure
1). Pax-3 is initially expressed at low levels throughout
the epithelial somite; subsequently, the gene is ex- expression in this tissue and subsequent absence of
pressed at moderate levels throughout the dermomyo- somitic myogenesis (Goulding et al., 1994). Conversely,
tome and at high levels in the lateral aspectof thedermo- removal of the notochord results in expanded expres-
myotome (Goulding et al., 1994; Williams and Ordahl, sion of Pax-3 and Pax-7 into ventral regions of the somite
1994). Pax-7, which is highly related to Pax-3, is also
followed by ectopic myogenesis in this somitic domain
expressed throughout the dermomyotome (Goulding et
(Goulding et al., 1994). Thus, early changes in Pax-3 and
al., 1994; Williams and Ordahl, 1994). Pax-1 and Pax-9
Pax-7 expression prefigure respecification of somitic
are induced in the medial and lateral sclerotome, respec-
cell fate, suggesting that these transcription factors may
tively, and are highly homologous to one another. Thus,
regulate early steps of myogenic determination.to a first approximation, the somite is divided along its
To investigate this possibility, we monitored whetherdorsal±ventral axis into two zones of Pax gene expres-
signaling pathways that induce Pax-3 and Pax-7 genesion: the dorsalmost somitic population, the dermomyo-
expression similarly induce somitic myogenesis. Be-tome, expressing Pax-3 and Pax-7; and the ventralmost
cause induction of somitic myogenesis can be inducedsomitic population, the sclerotome, expressing Pax-1
by the combination of Wnt and Shh signals in vitro (MuÈ n-and Pax-9.
sterberg et al., 1995), we investigated whether expres-In this work, we demonstrate that both Pax-3 and
sion of Pax-3 and Pax-7 might similarly be induced inPax-7 are induced by signals that activate somitic
somitic tissue by the combination of Wnt and Shh sig-myogenesis, prior to the expression of MyoD, and that
nals. At the time of dissection, presegmented plateectopically expressed Pax-3 can activate the muscle
mesoderm contained low levels of Pax-3, Pax-7, anddifferentiation program in cells derived from paraxial
Myf-5 transcripts and no detectable expression of MyoDmesoderm, lateral plate mesoderm, or neural tube as
(Figure 2, lane 1). In contrast, high level expression ofwell as inchick dermal fibroblasts. These results indicate
Pax-3, Pax-7, Myf-5, MyoD and myosin heavy chainthat Pax-3 is capable of activating the expression of
(MHC) was observed following exposure of paraxialMyoD, Myf-5, and myogenin and suggest that signals
mesoderm to both Wnt-1 and Shh signals for 48 hr (Fig-that activate somitic myogenesis may use a Pax-3±
ure 2, lane 4). The increased expression of Pax-3 anddependent pathway.
Pax-7 was induced concurrent with increased Myf-5 ex-
pression and preceded maximal expression of MyoDResults
(Figure 2, lanes 2±5). In contrast, only basal levels (com-
parable to the initial amount) of Pax-3 and Pax-7 wereThe Combination of Wnt-1 and Shh Signals Activates
observed in paraxial mesoderm cocultured with Wnt-Expression Both of Dermomyotomal
1±producing cells alone (for 48 hr), and Myf-5 was down-Markers and of Myotomal Markers
regulated in this tissue (Figure 2, lane 6). Expression ofin Presegmented Mesoderm
Pax-3 and Pax-7 was undetectable in paraxial meso-Implantation of a secondary notochord lateral to the
dermomyotome results in loss of both Pax-3 and Pax-7 derm cultured in the presence of Shh, alone, whereas
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the overlying ectoderm in vitro resulted in up-regulated
expression of Pax-3, Pax-7, and Myf-5 at 24 hr (Figure
3, lane 5), prior to detectable expression of MyoD and
myogenin at 48 hr (Figure 3, lane 7). After 72 hr in culture,
expression of dermomyotomal and myotomal markers
(including MHC) was robust in somites cocultured with
ectoderm (Figure 3, lane 9) and absent in somites or
ectoderm cultured alone (Figure 3, lanes 10 and 11,
respectively). Thus, signals from the surface ectoderm
both maintain and up-regulate expression of Pax-3 and
Pax-7 concomitant with the expression of Myf-5 and
prior to the expression of MyoD and myogenin.
Ectopic Expression of Retroviral Pax-3 Activates
Myogenesis in Paraxial Mesoderm
in the Absence of Inducing Tissues
Because the same signals that induce somitic expres-
sion of Pax-3 also induce myogenesis (Figures 2 and 3)
and because expression of Pax-3 precedes that of MyoDFigure 3. Ectodermal Signals Maintain andUp-Regulate Somitic Ex-
and Myf-5 in vivo (Goulding et al., 1994; Williams andpression of Pax-3, Pax-7, and Myf-5 Prior to the Induction of MyoD
and Myogenin Ordahl, 1994) and that of MyoD in vitro (Figures 2 and
Somites IV±VI were dissected from a stage 10 chick embryo and 3), we investigated whether Pax-3 might play a role in
cultured in vitro either in the presence (lanes 1, 3, 5, 7, 9) or absence activating the myogenic program in somitic cells. We
(lanes 2, 4, 6, 8, 10) of overlying ectoderm for the time indicated addressed this issue by examining whether forced ex-
above each lane. In lane 11, ectoderm was cultured alone. Gene
pression of ectopic Pax-3 activated myogenesis in so-expression was analyzed by RT-PCR. GAPDH, glyceraldehyde
mites cultured in the absence of inducing tissues (as3-phosphate dehydrogenase.
diagrammed in Figure 4A). Somites explanted in the
absence of surface ectoderm lose expression of Pax-3
Pax-1 was highly induced by this treatment (Figure 2, within 12 hr (Figure 3, lane 4) and subsequently fail to
lane 7). Thus, whereas Wnt or Shh signals alone are express any myogenic markers (Figure 3, lanes 6, 8, and
insufficient to induce high level expression of either 10; MuÈ nsterberg and Lassar, 1995). Paraxial mesoderm
Pax-3 and Pax-7 or myogenic markers (i.e., MyoD, Myf-5, from different axial levels of a stage 10 or stage 11 chick
myogenin, and MHC), the combination of these two sig- embryo were explanted and infected with a high titer
nals is sufficient to induce both dermomyotomal (Pax-3 avian retrovirus (RCAS-based; Hughes et al., 1987)
and Pax-7) and myogenic markers in paraxial meso- encoding either an influenza hemagglutinin (HA)±epi-
derm. Although previous work has indicated that Shh tope±tagged version of mouse Pax-3 (RCAS-mPax-3)
can inhibit somitic expression of Pax-3 in vitro (Fan and or human placental alkaline phosphatase (RCAS-AP).
Tessier-Lavigne, 1994) and in vivo (Johnson et al., 1994; RCAS-based retroviruses are nondefective (Hughes et
Chiang et al., 1996), our findings demonstrate that Shh al., 1987), and infection spreads throughout the entire
signaling can in addition act in combination with Wnt somitic culture in vitro (data not shown).
signals to activate expression of Pax-3 and Pax-7. Five days after infection, myogenesis in these cultures
was evaluated by monitoring MyoD, Myf-5, myogenin,
Signals from the Ectoderm Can Induce Expression and MHC transcript levels by reverse transcription poly-
of Both Pax-3 and Pax-7 and Myotomal Markers merase chain reaction (RT-PCR) (Figure 4B), and MyoD
in Paraxial Mesoderm and Troponin T/I protein expression by immunocyto-
In addition to signals from the axial tissues, signals from chemistry (Figure 4C). Infection of paraxial mesoderm
the surface ectoderm can also induce somitic expres- from varying axial levels (ranging from presegmental
sion of Pax-3 and Pax-7 (Fan and Tessier-Lavigne, 1994) plate mesoderm to somite VI) with RCAS-mPax-3 led to
and myogenesis (Kenny-Mobbs and Thorogood, 1987; high level expression of MyoD, Myf-5, myogenin, and
Cossu et al., 1996). In concert with these findings, we MHC (Figure 4B, lanes 2, 4, 6, and 8). In contrast, the
have found that cultivation of paraxial mesoderm with contralateral paraxial mesoderm infected with RCAS-
overlying ectodermcan act to maintain the expression of AP contained no detectable levels of myogenic bHLH
both Pax-3 and Pax-7 and myotomal markers in somites gene transcripts (Figure 4B, lanes 1, 3, 5, and 7). The
IV±VI from a stage 10 chick embryo (Figure 3). (Following level of myogenic bHLH gene expression in paraxial
the numbering system of Ordahl, the most recently mesoderm infected with RCAS-mPax-3 (Figure 4B, even
formed somite is termed I, and successively more rostral lanes) was similar to that in somites (VII to IX) that had
somites are termed II, III, and so on [Ordahl, 1993; Christ been cocultured with overlying ectoderm (data not
and Ordahl, 1995). Pax-3, Pax-7, and Myf-5 were initially shown). Approximately 90% of infected presegmental
expressed in somites IV±VI (Figure 3, lanes 1 and 2); plate cells (expressing HA-epitope±tagged mPax-3) ex-
however, expression of these genes decayed to trace hibited detectable expression of MyoD protein (Figure
levels following excision of these somites from the em- 4C, inset D; Figure 5F), indicating that ectopic expres-
bryo and in vitro culture of this tissue for 12 hr (Figure sion of Pax-3 induced MyoD expression in a high per-
centage of paraxial mesodermal cells. These results3, lane 4). Continued cultivation of somites IV±VI with
Cell
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Figure 4. Ectopic Pax-3 Expression Induces Myogenesis in Paraxial Mesoderm
(A) Experimental scheme to assay the effects of ectopic Pax-3 expression in explanted embryonic tissues. Tissues (indicated by gray shading)
were dissected from stage 10 and 11 chick embryos and infected with a nondefective avian retrovirus encoding either mouse Pax-3 (RCAS-
mPax3) or alkaline phosphatase (RCAS-AP). After 5 days in explant culture, tissues were harvested and assayed for gene expression by either
RT-PCR analysis or by immunocytochemistry.
(B) Ectopic Pax-3 expression activates myogenesis in paraxial mesoderm in the absence of inducing tissues. Presegmented mesoderm (psm,
lanes 1±4), somites I±III (lanes 5 and 6), or somites IV±VI (lanes 7 and 8) were isolated free from surrounding tissues (from stage 10 or 11
embryos) and infected with RCAS-based retroviruses encoding either alkaline phosphatase (RCAS-AP) or mouse Pax-3 (RCAS-mPax-3) as
indicated. Five days after infection, RNA was isolated from these cultures and gene expression was analyzed by RT-PCR. GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase.
(C) Ectopic Pax-3 induces synthesis of MyoD and Troponin T/I protein in paraxial mesoderm. Paraxial presegmented plate mesoderm was
isolated from a stage 10 chick embryo, separated from all surrounding tissues, and infected in vitro with RCAS-based retroviruses encoding
either alkaline phosphatase (RCAS-AP) or mouse Pax-3 (RCAS-mPax-3). After 5 days in culture, the tissue was immunostained for either
MyoD (insets B and D) or Troponin T/I (TnT/I; insets F and H). DNA was visualized by DAPI staining (insets A, C, E, and G).
demonstrate that forced expression of Pax-3 can effi- Pax-3-infected dermal fibroblasts (8% of infected cells)
contrasts with the high frequency induction of MyoD inciently activate somitic myogenesis in the absence of
muscle-inducing signals from surrounding tissues. infected paraxial mesodermal cells, in which 90% of
infected cells expressed MyoD (Figure 5F). Consistent
with a variable frequency of Pax-3±mediated myogen-Ectopic Expression of Pax-3 Induces Myogenesis
Both in Dermal Fibroblasts and in esis in various cellular backgrounds, we have not ob-
served activation of endogenous MyoD in 10T1/2 cellsLateral Plate Mesoderm
To investigate whether Pax-3 could induce myogenesis transiently transfected with a Pax-3 expression vehicle
(data not shown). Infection of lateral plate mesodermin non±paraxial mesoderm, we monitored whether ec-
topic Pax-3 could similarly activate the myogenic pro- with retroviral Pax-3 induced expression of MyoD,
Myf-5, myogenin, and MHC to levels similar to thosegram in dermal fibroblasts and lateral plate mesoderm.
Ectopic expression of Pax-3 in dermal fibroblasts acti- observed in infected paraxial mesoderm (Figure 6, com-
pare lanes 2 and 4). These results indicate that Pax-3vated MyoD expression in about 8% of infected cells
expressing HA-epitope±tagged Pax-3 and activated is capable of activating the myogenic program in several
(but not all) cellular backgroundsand that theprobabilityTroponin T/I expression in about 3% of infected cells
(Figures 5L and 5R, respectively). Although the dermal of activation of this program varies among different cell
types.fibroblasts are not a clonal population, no spontaneous
myogenesis was observed following infection of these
cultures with a control RCAS-AP retrovirus. Thus, mus- Ectopic Expression of Pax-3 Induces Skeletal
Myogenesis in Neural Tube Explantscle differentiation following ectopic Pax-3 expression
cannot be attributed to the presence of residual my- In addition to their expression in the paraxial mesoderm,
Pax-3 and Pax-7 are expressed in the dorsal ventricularoblasts contaminating this pool of dermal fibroblasts.
The low but reproducible level of MyoD activation in zone of the developing neural tube (Goulding et al.,
Pax-3 Activates Myogenic bHLH Expression
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Figure 6. Ectopic Expression of Pax-3 Induces Myogenesis in Lat-
eral Plate Tissue
Lateral plate (lanes 1 and 2) and paraxial mesoderm (lanes 3 and 4)
from the indicated axial level was isolated from a stage 10 chick
embryo and infected either with a retrovirus encoding mouse Pax-3
(RCAS-mPax-3; lanes 2 and 4) or with a retrovirus encoding alkaline
phosphatase (RCAS-AP; lanes 1 and 3). After 5 days in culture,
tissue was harvested and gene expression analyzed by RT-PCR.
Note that myogenic bHLH genes are activated to equivalent levels
in lateral plate and paraxial mesoderm following infection with ret-
roviral Pax-3. psm, presegmented medoderm; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase.
tissue. On the other hand, if an inhibitor blocks the mus-
cle-promoting activity of Pax-3 in this tissue and the
activity of this putative inhibitor is either spatially or
temporally restricted, then exogenous Pax-3 may acti-Figure 5. Ectopic Expression of Pax-3 Differentially Induces Myo-
genesis in Varying Cellular Backgrounds vate the myogenic program in the neural tube.
Paraxial mesoderm (presegmented plate to somite III) was isolated To discern between these possibilities, we infected
from a stage 10 chick embryo and infected with a retrovirus encoding segments of neural tube that had been isolated free
alkaline phosphatase (AP; A±C) or with a retrovirus encoding HA- from surrounding tissues (following a brief protease
epitope±tagged mouse Pax-3 (Pax-3-HA; D±F). After 5 days in cul-
treatment) with the Pax-3±encoding retrovirus. Weture, explants were harvested and immunostained for expression
found that expression of exogenous Pax-3 induced ro-of HA-epitope±tagged Pax-3 (HA; B and E) and MyoD (C and F).
bust myogenesis in neural tube explants and activatedChick dermal fibroblasts were either uninfected (U; G±I, M±O) or
were infected with a retrovirus encoding HA-epitope±tagged mouse expression of both myogenic bHLH regulators as well
Pax-3 (Pax-3-HA; J±L and P±R). Cells were challenged to differenti- as terminal muscle differentiation markers, such as MHC
ate into skeletal muscle by incubation in serum-deficient medium and Troponin T/I (Figures 7A and 7B). The absolute level
(differentiation conditions). After 2.5 days of incubation under differ- of muscle-specific gene expression following retroviral
entiation conditions, the cells were immunostained for HA-epitope±
Pax-3 infection of presegmental plate level neural tubetagged Pax-3 (H, K, N, and Q), MyoD (I and L), and Troponin T/I
was similar to that induced by infection of the adjacent(TnT/I; O and R). DNA was visualized by DAPI staining (A, D, G, J,
M, and P). paraxial mesoderm (Figure 7A, compare lanes 2 and 4).
Whereas skeletal muscle differentiation was observed
only in neural tube explants infected with retroviral-
encoded mouse Pax3, endogenous chick Pax-3 was1993). Although Myf-5 expression has been detected in
a subpopulation of motor neurons in the ventral neural equivalently expressed in neural tube cultures infected
with either RCAS-AP or RCAS-mPax-3 (Figure 7A, lanestube (Tajbakhsh et al., 1994), no expression of MyoD,
Myf-5, or other skeletal muscle±specific genes has been 1 and 2).
To investigate whether the skeletal muscle differentia-detected in dorsal neural tube (i.e., the region of the
neural tube that expresses Pax-3 and Pax-7). The lack tion observed in RCAS-Pax-3±infected neural tube was
due to myogenic conversion of neuroepithelial cells asof skeletal muscle gene expression in the dorsal neural
tube implies that Pax-3 is unable to activate the myo- opposed to myogenic differentiation in potentially con-
taminating paraxial mesoderm, we lineage-labeled thegenic program in this tissue, either because of the ab-
sence of necessary muscle-promoting cofactors or be- neuroepithelium prior to explant culture. Neural tube
cells were specifically labeled by injection of DiI into thecause of the presence of a factor(s) that inhibits the
muscle-promoting activity of Pax-3 in the neural tube. neural canal of a stage 11 chick embryo (Figure 7C,
insets A and B). Labeled neural tube was explanted fromWe reasoned that if a muscle-promoting cofactor is ab-
sent from the neural tube, then expression of exogenous these injected embryos 4 hr after labeling, infected with
the Pax-3±encoding retrovirus, and cultured for 5 daysPax-3 should not be able to activate myogenesis in this
Cell
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Figure 7. Ectopic Pax-3 Expression Induces Myogenesis in Neural Tube
(A) Ectopic expression of Pax-3 induces skeletal muscle markers in neural tube explants. Neural tube (lanes 1 and 2) or paraxial mesoderm
(lanes 3 and 4) was isolated from stage 10 and 11 chick embryos (at the level of the presegmented mesoderm [psm]) and were infected with
an RCAS-based retrovirus encoding either alkaline phosphatase (RCAS-AP) or mouse Pax-3 (RCAS-mPax-3) as indicated. Five days after
infection, RNA was isolated from these cultures and gene expression analyzed by RT-PCR. GAPDH, glyceraldehyde 3-phosphate dehydro-
genase.
(B) Infection of neural tube with retroviral Pax-3 induces expression of Troponin T/I. Neural tube was isolated and infected with an RCAS-
based retrovirus encoding either alkaline phosphatase (RCAS-AP) or mouse Pax-3 (RCAS-mPax-3) as indicated. Five days after infection,
cultures were immunostained for Troponin T/I (TnT/I; insets B and D). DNA was visualized by DAPI staining (insets A and C).
(C) Pax-3 induces skeletal muscle differentiation in lineage-labeled neural tube cells. DiI was injected into the lumen of the neural tube in a
stage 11 chick embryo. Four hours after injection, the rostral region of the embryo was fixed, cryosectioned, and analyzed for localization of
DiI injected cells (inset A, phase contrast; inset B, DiI fluorescence). Note that DiI labeled only the neuroepithelial cells in injected embryos
(compare phase contrast with DiI labeling in insets A and B, respectively). The DiI-labeled neural tube (from the caudal region of the embryo)
was explanted, freed from surrounding tissues, and infected with RCAS-mPax-3. After 5 days in culture the infected cells were analyzed for
the expression of Troponin T/I (green) by immunohistochemistry and for the presence of DiI (red) (inset C).
in vitro. Following this regimen, a subset of cells ex- streak and in Hensen's node and subsequently reside in
the paraxial mesoderm (Krenn et al., 1988). Interestingly,pressing Troponin T/I was found to contain detectable
levels of DiI (Figure 7C, inset C). DiI stained only a subset Pax-3 expression is observed in each of these popula-
tions of cells (Goulding et al., 1993; Goulding et al.,of the muscle cells in this population, because after 5
days in culture the DiI label had beendiluted toundetect- 1994; Williams and Ordahl, 1994), suggesting that the
maintained expression of this gene maycorrespond withable levels in the majority of replicating neuroepithelial
cells. The presence of DiI in cellsexpressing TroponinT/I the competence of mesodermal cells tobecome skeletal
muscle (discussed in Williams and Ordahl, 1994).demonstrated that ectopic Pax-3 activated the muscle
differentiation program in cells derived from the neural Consistent with this hypothesis, we have found that
forced expression of Pax-3 is capable of activating thetube. Together with the findings described in the preced-
ing sections, these results indicate that expression of myogenic program in paraxial mesoderm cultured in the
absence of adjacent tissues. That this effect is observedretroviral-encoded Pax-3 is capable of activating the
myogenic differentiation program in both mesodermal both in presegmented paraxial mesoderm in the ab-
sence of surface ectoderm as well as in lateral plateand neuroepithelial tissue. Thus, the normal absence
of skeletal myogenesis in the neural tube cannot be mesoderm suggests that Pax-3±mediated myogenesis
attributed to the absence in this tissue of positively act- occurs in these tissues in the absence of continued
ing cofactors that are necessary to promote the myo- signaling from either the axial tissues or the surface
genic potential of Pax-3. ectoderm. Our results demonstrate that maintained ex-
pression of Pax-3 inboth paraxial and lateral platemeso-
Discussion derm is sufficient to induce these cells to become skele-
tal muscle. These findings suggest that maintenance of
Pax-3 expression in the dermomyotomemay bea criticalEctopic Pax-3 Expression Is Sufficient to Induce
Somitic Myogenesis in the Absence step in the generation of skeletal muscle progenitors
(schematically diagrammed in Figure 8). We emphasizeof Inducing Signals
Cells that are competent to form skeletal muscle when that although Pax-3 is expressed uniformly in the epithe-
lial dermomyotome, myogenesis is observed in only aimplanted into the limb bud first appear in the primitive
Pax-3 Activates Myogenic bHLH Expression
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is regulated by a hierarchical cascade of transcription
factors that allows multiple levels of regulation prior to
terminal differentiation.
The first ªdecision pointº that apparently commits
somitic cells to the myogenic lineageentails the initiation
and maintenance of Pax-3 expression; the second deci-
sion entails the initiation and maintenance of MyoD and
Myf-5 expression (see Figure 8). A priori, it is unclear
why specification of skeletal muscle progenitors should
use two such regulatory nodal points to commit cells
to enter the myogenic lineage. However, it is obviousFigure 8. Potential Regulatory Networks Controlling Somitic Ex-
that this type of circuitry would allow both multiple layerspression of MyoD and Myf-5
of regulation as well as a temporal diversity of geneCombinatorial signals from the dorsolateral neural tube and floor
expression during the maturation of dermomyotomalplate±notochord or signals from the surface ectoderm activate
Pax-3 and Myf-5 gene expression and subsequently induce somitic cells into skeletal muscle. Indeed, it seems likely that
myogenesis. Time course experiments indicate that expression of Pax-3 activates other genes prior to inducing expression
Myf-5 is induced concomitant with that of Pax-3 in explant culture, of MyoD and Myf-5 in cells derived from the dermomyo-
suggesting that these genes may be induced in parallel. Pax-3 plays
tome, since Pax-3 function is required in this tissue toa role in the activation of c-met in the lateral dermomyotome (Daston
promote expression of the c-met receptor (Daston etet al., 1996; Epstein et al., 1996; Yang et al., 1996) and in myogenic
al., 1996; Epstein et al., 1996; Yang et al., 1996), whichbHLH gene expression (Tajbakhsh et al., 1997; this report). It is not
yet clear if Pax-3 directly activates MyoD and Myf-5 transcription is itself necessary for migration of somitic cells into the
or activates these genes indirectly, by an intermediate regulatory limb bud (Bladt et al., 1995).
molecule. Our data do not rule out the possibility that MyoD or Myf-5 One potentially interesting difference between Pax-3
or both may be induced by other pathways that are independent of
and the myogenic bHLH factors is that whereas thePax-3 or that Pax-7 may share muscle-inducing properties with
latter are able to activate their own expression (reviewedPax-3. Known regulatory pathways are indicated by solid arrows;
in Weintraub, 1993), ectopic expression of mouse Pax-3speculative pathways are indicated by dotted arrows.
in chick tissues in most cases fails to activate detectable
levels of endogenous chick Pax-3 (data not shown) orsmall fraction of these cells that invaginate at the cranio-
induces only trace levels of this gene product in paraxialmedial corner of this tissue (Kaehn et al., 1988), indicat-
mesoderm (see for example Figure 7A, lane 4). This lacking that the myogenic activity of Pax-3 must be highly
of robust positive autoregulation by Pax-3 suggests thatrestricted within the embryo. Others have demonstrated
inducing signals may need to be continually present tothat an inhibitor of somitic myogenesis is secreted by
maintain the expression of this gene in paraxial meso-the lateral plate mesoderm (Gamel et al., 1995; PourquieÂ
derm and is consistent with the transient nature of Pax-3et al., 1995; Cossu et al., 1996) and that this activity
synthesis in dermomyotomal tissue. In contrast, thecan be mimicked by BMP-4 (PourquieÂ et al., 1996). Our
myogenic bHLH genes, once activated, can in somefinding that ectopic Pax-3 expression can readily induce
cellular contexts maintain their own synthesis in themyogenesis in lateral plate mesoderm suggests that this
absence of upstream regulators. Thus, the Pax-3 phaseinhibitory activity can be overridden by forced expres-
of skeletal muscle progenitor specification may be asion of Pax-3.
more reversible decision than that which follows activa-Prior observations suggest that dermomyotomal cells
tion of myogenic bHLH gene expression and proteinthat migrate into the limb are fated to give rise only to
function.skeletal muscle (Chevallier et al., 1977; Christ et al.,
1977). These cells express Pax-3, yet during their migra-
tion they fail to express myogenic bHLH factors
Pax-3 Activates Myogenesis in a Cell(Goulding et al., 1994; Williams and Ordahl, 1994). Once
Type±Dependent Mannerin the limb bud, Pax-3 expression declines, and MyoD
Whereas ectopic Pax-3 induced robust myogenesis inand Myf-5 expression is activated in this cell population
both paraxial and lateral plate mesoderm (inducing(Goulding et al., 1994; Williams and Ordahl, 1994). Chal-
MyoD expression in 90%of infected cells), expression oflenging this migratory somitic population to adopt a
Pax-3 activated MyoD expression in only 8% of infectednon±skeletal muscle fate, by reimplanting limb bud mes-
dermal fibroblasts and Troponin T/I expression in onlyenchyme adjacent to the notochord, a source of carti-
3% of these cells. Moreover, transient expression oflage-inducing signals, reveals that these cells are com-
Pax-3 in 10T1/2 fibroblasts failed to elicit myogenesismitted to the skeletal muscle lineage (B. Williams and
in this cell line. Taken together, these findings indicateC. Ordahl, personal communication). Consistent with
that the frequency of myogenic conversion induced bythis finding, these same workers have observed that
Pax-3 varies, depending on the cell type. The restrictedcells that deepithelialize from the dermomyotometo give
ability of ectopic Pax-3 to drive skeletal myogenesis inrise to dermis turn off the expression of Pax-3 (Williams
10T1/2 fibroblasts contrasts with the efficient conver-and Ordahl, 1994), suggesting that loss of Pax-3 expres-
sion of these cells into muscle by forced expression ofsion may allow these cells to progress to a non±skeletal
members of the myogenic bHLH gene family (reviewedmuscle cell fate. Together with the present findings,
in Weintraub et al., 1991). It is unlikely that this differencethese observations suggest that maintained expression
is due to the inaccessibility of the MyoD gene to trans-of Pax-3 in paraxial mesoderm may commit these cells
activation in 10T1/2 cells, because this locus is readilyto become skeletal muscle precursors prior to the acti-
vation of MyoD and Myf-5. Thus, skeletal myogenesis activated by exogenous MyoD in these cells (Thayer
Cell
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et al., 1989). Rather, these findings suggest that Pax- Third, a spatially and/or temporally restricted inhibitor
of myogenesis may block muscle induction by endoge-3±mediated myogenesis requires cofactors that are un-
necessary for myogenic bHLH conversion of 10T1/2 nous but not by retroviral-encoded Pax-3 because the
latter is expressed outside the domain of this inhibitor.cells into muscle.
Although somitic cells require additional cues to exe- Endogenous Pax-3 is expressed in the ventricular zone
of the dorsal neural tube, which contains replicatingcute their myogenic fatewhen explanted as intact tissue,
this is not the case when somitic cells are dissociated neural stem cells, and is down-regulated in differenti-
ated neurons (Goulding et al., 1991). In contrast, retrovi-and plated as single cells at high density (George-
Weinstein et al., 1994). Both somitic and presegmental ral-encoded Pax-3 can infect ventral neural tube cells
and in addition is expressed in neuronal cells after theyplate cells have been found to differentiate into either
chondrocytes or myocytes following trypsinization and differentiate. Thus, retroviral and endogenous Pax-3 can
be distinguished by distinct spatial and temporal pat-in vitro culture in the absence of axial tissues (George-
Weinstein et al., 1994). This finding suggests that cell± terns of expression in the neural tube. It is possible
that these spatial or temporal differences in expressioncell interactions within the paraxial mesoderm act to
restrain both myogenesis and chondrogenesis in this pattern may account for differential activation of myo-
genesis by endogenous and exogenous Pax-3. In thistissue. Because Pax-3 is expressed in both presegmen-
tal plate and in somitic tissue prior to myotome induction instance, whereas endogenous Pax-3 would be ex-
pressed in regions of the neural tube that contain an(Goulding et al., 1994; Williams and Ordahl, 1994), these
findings raise the possibility that intrinsic inhibitory sig- inhibitor of skeletal muscle induction, retroviral-
encoded Pax-3 would be expressed outside of thenals present in the intact somite act to restrain the mus-
cle-promoting properties of Pax-3 and that dissociation bounds of this inhibitor and therefore promote myogen-
esis in the neural tube. To address this possibility weof somitic tissue may activate the myogenic potential
of this transcription factor. are currently investigating whether the neuroepithelial
cells that differentiate into muscle specifically lack the
expression of endogenous chick Pax-3. As a cautionary
Exogenous but Not Endogenous Pax-3 Activates note, the finding that expression of exogenous but not
Myogenesis in the Neural Tube endogenous Pax-3 activates myogenesis in the neural
Gruss and colleagues have recently demonstrated that tube highlights the inherent shortcomings in analyzing
ectopic expression of Pax-3 throughout the neural tube ectopic expression results to define a genetic pathway
(driven by the Hoxb-4 gene regulatory regions) re- in a particular tissue. Nonetheless, our findings raise
presses floor plate formation and decreases motor neu- the possibility that the muscle-promoting properties of
ron differentiation in transgenic mice embryos (Tremblay endogenous Pax-3 may be subject to regulatory con-
et al., 1996). The present study demonstrates that, in straints that alter the quality, quantity, or activity of this
addition to altering the dorsal±ventral characteristics of gene product in neural tissue.
the neural tube (Tremblay et al., 1996), ectopic Pax-3
expression activates myogenesis in neural tube ex- Somite Myogenesis Is Induced Both by
plants. This finding indicates that the neural tube con- Pax-3±Dependent and by
tains the necessary positive cofactors for Pax-3 to acti- Pax-3±Independent Pathways
vate myogenesis. Although our studies indicate that Mutation of Pax-3 in Splotch mice results in the absence
ectopic Pax-3 can activate myogenesis in explanted of differentiated limb musculature. In these animals, limb
spinal cord, it is not yet known if ectopic Pax-3 would level somitic cells expressing a mutant Pax-3 transcript
drive myogenesis in these cells in vivo. remain in the lateral dermomyotome and neither migrate
Although it is unclear why exogenous but not endoge- into the limbs nor differentiate into skeletal muscle
nous Pax-3 activated myogenesis in neural tube ex- (Franz et al., 1993; Goulding et al., 1993; Bober et al.,
plants, there are three possibilities to consider. First, 1994). Pax-3 is expressed at moderate levels throughout
qualitative differences between retroviral and endoge- the dermomyotome and at high levels in the lateral der-
nous Pax-3 may account for differential induction of momyotome (Goulding et al., 1994; Williams and Ordahl,
myogenesis. It is possible that Pax-3 is differentially 1994). The absence of limb musculature (which arises
spliced in the neural tube versus the paraxial mesoderm from the lateral dermomyotome [Ordahl and LeDouarin,
to give rise to isoforms of Pax-3 with differing biological 1992]) in Splotch mice suggests that Pax-3 is necessary
activities. Indeed, differentially spliced isoforms of either for migration of lateral dermomyotomal cells into
Pax-3 have been found (Vogan et al., 1996); however, it the limb or for activation of the myogenic program in
is not yet clear if these different isoforms differ in their these cells or for both of these processes. It has been
ability to induce skeletal muscle. recently demonstrated that migration of somitic cells
Second, quantitative differences between retroviral into the limb is defective in Splotch mice and that these
and endogenous Pax-3 may account for differential in- cells can undergo myogenesis when implanted into the
duction of myogenesis. It is possible that Pax-3 is ex- chick limb bud (Daston et al.,1996). This finding,coupled
pressed at higher levels in the dermomyotome than in with the finding that only a subset of skeletal muscle is
the neural tube and that elevated expression of Pax-3 is lost in Splotch mice (Franz et al., 1993; Bober et al.,
required to drive myogenesis. In this scenario, retroviral- 1994; Goulding et al., 1994), indicates that Pax-3 plays
encoded Pax-3 may activate myogenesis in the neural a specific role in promoting migration of cells into the
tube because it is expressed at higher levels than endog- limb bud (perhaps by inducing c-met expression; Das-
ton et al., 1996; Epstein et al., 1996; Yang et al., 1996)enous Pax-3.
Pax-3 Activates Myogenic bHLH Expression
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Immunohistochemistryand that there are Pax-3±independent pathways to acti-
At the end of the culture period, the explants were fixed with 4%vate the skeletal muscle differentiation program. Sup-
paraformaldehyde in phosphate-buffered saline and processed forport for the notion that Pax-3 plays an essential role in
immunohistochemical staining. Explants were incubated with pri-
the determination of skeletal muscle has recently been mary antibodies for either 2 hr at room temperature or overnight at
obtained by Buckingham and colleagues. These work- 48C and subsequently were incubated with FITC (fluorescein isothio-
cyanate)± or TRITC (tetramethylrhodamine B isothiocyanate)±ers have found that mice mutant for both Myf-5 and
conjugated donkey anti-rabbit or donkey anti-mouse IgG (Jackson)Pax-3 lack all skeletal muscle in the body (Tajbakhsh et
for either 2 hr at room temperature or overnight at 48C.al., 1997 [this issue of Cell]). Because either MyoD or
Myf-5 is necessary for skeletal muscle formation (Rud-
RT-PCR Analysis
nicki et al., 1993) and Myf-5±deficient animals make es- RT-PCR analysis was performed essentially as described (MuÈ n-
sentially normal skeletal muscle (Braun et al., 1992), sterberg et al., 1995). The primers employed for PCR amplification
these findings imply that Pax-3 is essential for MyoD were either as described (MuÈ nsterberg and Lassar, 1995; MuÈ n-
sterberg et al., 1995) or as follows: chick Pax-3 (determined byexpression in the body of the embryo (in the absence
sequencing a chick Pax-3 cDNA; M. G., unpublished data),of Myf-5 function). Furthermore, these results indicate
59-TGGAGCCCACCACCACTGTC and 59-AACACCAGCTTAACTTGthat in the head, MyoD can be activated in a Pax-3±
AAG (215 bp); chick Pax-7 (determined by sequencing a chick
independent fashion. Pax-7 cDNA; M. G., unpublished data), 59-TTGAGAGGAACAGGAA
Ectopic expression of Pax-3 can induce the synthesis GATG and 59-AGGCTGCAACACAAAGAGAT (200 bp); mouse Pax3
of both Myf-5 and MyoD in paraxial mesoderm cultured (Goulding et al., 1991), 59-CCTGGAACCCACGACCACGGTGTC and
59-AACGTCCAAGGCTTACTTTG (183 bp).in the absence of surrounding tissues, indicating that
Pax-3 can either directly or indirectly activate the ex-
DiI Labeling of Neural Tubepression of both of the corresponding myogenic bHLH
The neural tube was labeled with DiI basically as described (Taj-genes. In addition, the time course of myogenic bHLH
bakhsh et al., 1994). A 0.5% solution of DiI (Molecular Probes) in
gene expression in paraxial mesoderm cocultured with absolute ethanol was diluted in 0.3 M sucrose and injected into the
muscle-inducing signals suggests that Myf-5 may be lumen of the neural tube of stage 11 chick embryos. The embryos
activated in a Pax-3±independent pathway. Coculture were cultured at 378C for 4 hr in complete medium. The most rostral
half of one embryo was fixed in 4% paraformaldehyde and cryostatof paraxial mesoderm with either surface ectoderm or
sectioned to verify that only the neuroepithelium was DiI labeled. Awith the combination of Wnt and Shh induced expres-
piece of neural tube (from caudal regions of the same embryo) wassion of Pax-3 and Pax-7 concomitant with that of Myf-5
then detached from adhering tissues and cultured in vitro.
and prior to that of MyoD. That Myf-5 expression was
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